Context. The Kepler Object of Interest Network (KOINet) is a multi-site network of telescopes around the globe organised for followup observations of transiting planet candidate Kepler objects of interest (KOIs) with large transit timing variations (TTVs). The main goal of KOINet is the completion of their TTV curves as the Kepler telescope stopped observing the original Kepler field in 2013. Aims. We ensure a comprehensive characterisation of the investigated systems by analysing Kepler data combined with new groundbased transit data using a photodynamical model. This method is applied to the Kepler-82 system leading to its first dynamic analysis. Methods. In order to provide a coherent description of all observations simultaneously, we combine the numerical integration of the gravitational dynamics of a system over the time span of observations with a transit light curve model. To explore the model parameter space, this photodynamical model is coupled with a Markov chain Monte Carlo algorithm. Results. The Kepler-82b/c system shows sinusoidal TTVs due to their near 2:1 resonance dynamical interaction. An additional chopping effect in the TTVs of Kepler-82c hints to a further planet near the 3:2 or 3:1 resonance. We photodynamically analysed Kepler long-and short-cadence data and three new transit observations obtained by KOINet between 2014 and 2018. Our result reveals a non-transiting outer planet with a mass of m f " 20.9˘1.0 M C near the 3:2 resonance to the outermost known planet, Kepler-82c. Furthermore, we determined the densities of planets b and c to the significantly more precise values ρ b " 0.98`0 .10 0.14 g cm´3 and ρ c " 0.494`0 .066 0.077 g cm´3.
Introduction
There is no doubt about the impact that the Kepler Space Telescope has had on the exoplanetary field. Among many other outstanding and benchmark contributions, such as the first possibly habitable planet with known radius (Borucki et al. 2012) , and the first exoplanet ever found with two suns in its sky (Doyle et al. ‹ Ground-based photometry is only available at the CDS via anonymous ftp to cdsarc.u-strasbg.fr (130.79.128.5) or via http: //cdsarc.u-strasbg.fr/viz-bin/qcat?J/A+A 2011), Kepler data have allowed us to characterise planetary masses via transit timing variations (TTVs, see e.g. Fabrycky et al. 2012; Mazeh et al. 2013; Steffen et al. 2013 (KOINet) . To date, results of our network comprise KOINet's first light , and the in-depth photodynamical characterisation of Kepler-9b/c (Freudenthal et al. 2018) . While in the former we demonstrated KOINet's strategy and functionality, along with initial results on four KOIs, in the latter we were able to determine values for the planetary densities that are the most precise measurements in the regime of Neptune-like exoplanets. Furthermore, we predicted that the transits of Kepler9c would disappear in about 30 years. These results arose from the combination of the Kepler long-and short-cadence data with KOINet follow-up transit observations, along with a comprehensive and coherent analysis carried out with our photodynamical modelling. Similar analyses have likewise revealed precise planetary densities for other systems, like Kepler-117 by Almenara et al. (2015) , K2-19 by Barros et al. (2015) , WASP-47 by Almenara et al. (2016) , Kepler-138 by Almenara et al. (2018a) , and Kepler-419 by Almenara et al. (2018b) . In many of these cases the authors also demonstrated consistent planetary mass determinations from TTV and radial velocity (RV) measurements.
From amongst our KOINet targets we pinpointed Kepler-82 (KOI 0880) as an interesting system that deserves a detailed photodynamical analysis. The Kepler-82 system contains a total of four confirmed transiting planets. The two inner planets have periods of P d " 2.38 d and P e " 5.90 d, which were confirmed by Rowe et al. (2014) . The two outer planets have a period ratio close to 2:1 with P b " 26.44 d and P c " 51.54 d. This commensurability of the periods results in strong TTVs (see Fig. 1 ), which led to the confirmation of the two outer planets a year before the inner planets (Xie 2013) . The inner two planets are not much affected by this dynamical interaction and also show no measurable dynamical interaction with one another. Yet Kepler82e shows TTVs with an amplitude of about 15 min, where the uncertainties of the transit times are of the same order, and the variations are without significant periodicity (Holczer et al. 2016) . Ofir et al. (2018) found TTVs in Kepler-82d with an amplitude of 10.3`1 .8
1.4 min and a frequency peak that just surpassed their significance criteria. The peak does not correspond to any expected dynamical frequency.
The first characterisation of the Kepler-82b/c TTVs was carried out by Xie (2013) . The author found the TTVs to be sinusoidal as expected for near 2:1 mean-motion resonance (MMR) systems. In contrast with many other similar systems, the sinusoidal-shaped TTVs of both planets are not anti-correlated; instead the phase difference is close to zero. The author calculated the nominal masses assuming a two-planet system and found a relatively large mass ratio of m b {m c " 10 0.6 " 4, which means a very large density ratio of ρ b {ρ c " 4ˆp5.35{4q
3 " 10. Another nominal mass computation by Hadden & Lithwick (2014) indicates a smaller mass (" 3) and density ratio (" 7).
A further characterisation was done by Ofir et al. (2018) by analysing periodograms of the TTVs of Kepler-82b/c. They found the most significant peak in the periodogram of Kepler82b fits the 2:1 MMR super frequency. However, the highest amplitude peak of Kepler-82c is notably offset from the highest peak of Kepler-82b and the 2:1 MMR super frequency. Additionally, they found one other significant peak for Kepler-82b and three in Kepler-82c.
The following work includes the first dynamical analysis of the Kepler-82b/c system. We applied a photodynamical model to Kepler data and ground-based follow-up observations from KOINet. With this we were able to constrain the planetary 1 koinet.astro.physik.uni-goettingen.de masses more precisely, and by including another non-transiting planet, most of the frequency peaks, can be explained. Furthermore, we were able to determine the stellar mass, radius and age from our results by combining the modelled stellar densities with spectroscopic values and comparing these values with stellar evolution models.
The paper is structured as follows. The data acquisition and treatment within the KOINet is described in Sect. 2. We present our own implementation of a photodynamical model in Sect. 3. The detection of a third dynamically important non-transiting planet in the TTVs of Kepler-82c is described in detail in Sect. 4. The results from the analysis are discussed in Sect. 5. We end the paper with a conclusion in Sect. 6.
KOINet data
In order to organise the KOINet observations we calculated transit time predictions from the Kepler observations as described in Sect. 2.5 of von . In the case of Kepler-82b, a linear plus sine function was fitted to predict future times of transit. For Kepler-82c we provided two different predictions. One coming from a sine plus linear fit, and one from fitting a parabolic function as a turnover to the sine curve was not measured by the Kepler observations. The low precision in the transit time predictions of Kepler-82c in particular led to only a small fraction of KOINet Kepler-82 light curves with transits included. Between 2014 and 2018 eleven light curves of Kepler-82 were obtained, while only three of them show transit signals of Kepler-82b/c. Table 1 lists the main characteristics of the data presented in this paper, such as the observing telescope and the observation dates the precision of the data, the total duration of the observation, and the transit coverage. To increase the photometric precision of the collected data, we have, when possible, slightly defocused the telescopes (Kjeldsen & Frandsen 1992; Southworth et al. 2009 ). Below is a brief description of the main characteristics of each of the telescopes involved in this work.
The Apache Point Observatory hosts the Astrophysical Research Consortium 3.5 m telescope (henceforth "ARC 3.5 m"), and is located in New Mexico, United States of America. The photodynamical analysis of Kepler-82 presented here includes one light curve taken with the ARC 3.5 m during our first observing campaign in 2014.
The 2.5 m Nordic Optical Telescope (NOT 2.5 m) is located at the Observatorio Roque de los Muchachos in La Palma, Spain. Currently, telescope time for KOINet is assigned via a large (three-years) program. Here, we present two light curves taken between the fourth and fifth observing seasons.
The 80 centimetre telescope of the Instituto de Astrofísica de Canarias (IAC 0.8 m) is located at the Observatorio del Teide, in the Canary Islands, Spain. The one transit light curve obtained in the first season of KOINet suffered from technical difficulties during the night. For this reason the resulting science frames were corrupted and, thus, it was impossible for us to properly reduce them.
The Oskar Lühning Telescope (OLT 1.2 m) has a 1.2 m aperture diameter and is located at the Hamburger Observatory in Hamburg, Germany. Kepler-82 was observed for one night in the first season of KOINet with OLT 1.2m. Unfortunately, the observation taken in 2014 suffered from technical difficulties.
The Telescopi Joan Oró is a fully robotic 80 centimetre telescope (TJO 0.8 m) located at the Observatori Astronomic del Montsec, in the north-east of Spain. The parabolic prediction of Article number, page 2 of 18 Kepler-82c was chosen as transit time for an observation. The obtained observation contains only off-transit data. The fully robotic 2 m Liverpool telescope (LIV 2 m; Steele et al. 2004 ) is located at the Observatorio Roque de los Muchachos and is owned and operated by Liverpool John Moores University. During the second season of KOINet a transit time predicted from parabolic TTVs was chosen for an observation. The resulting light curve does not contain a transit.
The Centro Astronómico Hispano-Alemán hosts, among others, a 2.2 m and a 3.5 m telescope ("CAHA 2.2 m" and "CAHA 3.5 m"). An observation was taken with each telescope. No transit is present in the light curves.
The MMT observatory, a joint venture of the Smithsonian Institution and the University of Arizona, is located on the summit of Mt. Hopkins in south-eastern Arizona, United States of America. The telescope has a collecting area of 6.5 m (SAO 6.5 m). The data collected with this telescope were of submillimagnitude precision, but taken outside transit due to bad scheduling decisions.
The National Observatory of Athens hosts the 1.2 m Cassegrain telescope of the Astronomical Station Kryoneri (KRYO 1.2 m). For the last 40 years the telescope has been operational, with an extensive upgrade taking place in 2016. Data collected with this telescope were of good quality, however taken outside transit.
All collected observations underwent the KOINet reduction pipeline, and a preliminary analysis for deriving reliable errorbars and the detrending components. This process is described in von and Freudenthal et al. (2018) .
The photodynamical model
For the KOINet data analysis we developed a simultaneous transit light curve model for all observations of each system that takes the system dynamics into account. This allows us to determine the planetary masses in addition to the transit parameters. A full description of our photodynamical model can be found in Freudenthal et al. (2018) . Briefly, we combine a numerical integration of the whole system over the time span of observations, and from the output sky positions (projected distance of each planet to the star) we calculate the transit light curve.
We use a second-order mixed-variable symplectic (MVS) algorithm to perform the numerical integration as implemented in our python-wrapper for mercury6 (Chambers 1999) . The integrator is complemented by first-order post-Newtonian correction (Kidder 1995) , and we correct the individual times for the lighttravel-time effect for each planet. From the numerical integration of the system we extract the planet-to-star centre distances to calculate the light curve through the transit model of Mandel & Agol (2002) . Here we use the occultquad routine with the quadratic limb-darkening law implemented.
As in Freudenthal et al. (2018) , the numerical integration is done on a coarse grid, and only in the vicinity of transits is the integration refined with a time step of 0.01 d. The coarse grid is optimised to give the shortest possible computation time with sufficient accuracy. For this system a time step of a hundredtwentieth of the period of the innermost included planet was used. For long-cadence data we take the finite integration time into account (Kipping 2010) . Hence, we compute the transit light curve with a time step of " 1 minute and rebin it to the cadence of the data points.
Our photodynamical model is coupled to the Markov chain Monte Carlo (MCMC) emcee3 algorithm (Foreman-Mackey et al. 2013) . All fitting parameters have uniform priors with broad boundaries chosen to avoid non-physical results. A detailed description of the model parameters can be found in Freudenthal et al. (2018) . To summarise, the model requires the mass, m, and the radius R of the central star, as well as the two quadratic limb darkening coefficients, c 1 and c 2 , that reflect the wavelength response of the optical setup of each telescope per instrument, and per planet, p (p P tb, c, f u from Sect. 4 and for example in the Tables 2 and A.2) the parameters are described below.
A mass ratio is needed. For the innermost planet the ratio to the central star, m 1 {m S , is taken and for all other planets the ratio to the next inner one, m p {m p 1 . Secondly, a parameter to calculate the semi-major axis, a, is needed. In the case of transiting planets it is calculated from the mean period, P p and as a free parameter a correction factor, a p,corr :
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with the gravitational constant, G. We fitted a linear ephemeris T " ∆T p,0`Pp¨n to the transit times, T , giving us the mean period P p and an offset ∆T p,0 . For non-transiting planets the semi-major axis is calculated from the period given by a period ratio to the next inner planet. Furthermore, the eccentricity, e p , is needed. The orbital angles, inclination, i p , argument of the periastron, ω p , and the longitude of the ascending node, Ω p , are needed. Whereas the latter is fixed to zero for the innermost planet, the other values are given relative to the innermost planet. The instantaneous position of the planets at a given reference time needs to be defined. We take the mean anomaly, M p , as measurement for the position of each planet. This angle is calculated from the mean period, P p , as well as the offset, ∆T p,0 .
As a free parameter, we have an addition to this derived mean anomaly, M p,corr :
with the mean anomaly at transit time calculated for a Kepler orbit from the argument of periastron and eccentricity, M p,Kepler , and the second term is giving the difference between the mean anomaly at transit time and the mean anomaly at the starting time of the integration. That means the free parameter M p,corr is giving the correction from a pure Keplerian orbit due to the interaction with the other planets. Lastly, The planet-to-star radius ratio, R p {R S , only for transiting planets needs to be given. We treated Kepler data and ground based observations of KOINet as the description in Freudenthal et al. (2018) . From Kepler photometry we extracted the transit duration symmetrically around each transit mid point four times. To account for intrinsic stellar photometric variability we normalised each transit light curve dividing it by a time dependent second-order polynomial optimised on the off-transit data points. The coefficients of this parabola are derived through a simple least-squares minimisation routine. As previously mentioned, for long-cadence data, the photodynamical light curve model is oversampled by a factor of 30 and rebinned to the actual data points. This procedure is not necessary for short-cadence data. The high signal-to-noise ratio (S/N) of Kepler data allows us to include the quadratic limb darkening coefficients into our free parameters set. This allows for a more realistic inclination and star and planetary radii determination due to the good constrained transit shape.
Due to the lower S/N of the ground-based data, we fixed the quadratic limb darkening coefficients to values which are derived as described in von Essen et al. (2013) from stellar parameters for the Johnson-Cousins R-band filter, which we used for all of our observations. For stellar parameters closely matching the ones of Kepler-82 , the derived limb darkening coefficients are c 1 " 0.52 and c 2 " 0.14. The best-matching coefficients of the detrending components, derived during the first data analysis (in Sect. 2), for each ground-based observation are calculated as a linear combination at each call of the photodynamical model.
Dynamical analysis of Kepler-82
In the following sections we outline the detection of a fifth, nontransiting planet in the Kepler-82 system, which is required to explain the available data. We call the planet Kepler-82f hereafter.
In this work we analyse the transit light curves of the outer two planets of Kepler-82, b and c. These planets have a period ratio close to the 2:1 resonance. The inner two, d and e, show no strong TTV amplitudes and especially no frequencies due to interaction with the outer two . In a first step we determined the transit times from long-cadence Kepler data with the procedure described in Sect. 4.1 of von . In addition to the near resonant interaction with Kepler-82b, the transit times of Kepler-82c show a strong 'chopping' component, which is visible by a sudden jump in the transit time following every three consecutive transits which show drifting transit times. The period of chopping is controlled by the times between conjunctions of planet c and the fifth planet, given by the synodic period
Since the jump in chopping is seen every three transits of planet c, this indicates that the synodic period is either 3ˆP c or 3{2ˆP c , which would give a dependency of the acceleration and the deceleration during the orbits of the inner planet from three times its period. These synodic periods can be created by an outer planet near the 3:2 or 3:1 resonance with planet c. Based on the synodic period of planet c, an inner planet near the 3:4 or 3:5 resonance would also be possible; however, such a planet would be near a 3:2 or 6:5 resonance with Kepler-82b, and would then induce a strong signal in its TTVs. Such a TTV signal is not measured; hence the fifth planet must orbit exterior to planet c.
For this reason we optimised the parameters of the two outer unknown planet configurations (from now on the 3:2:1 and 6:2:1 resonance models, for convenience we skip the more accurate notation of the planets being near resonant) in a photodynamical model applied to the Kepler long-cadence (quarters 1-6) and short-cadence (quarters 7-17) data. From the Kepler data alone, both of the resonance models show the same probability. The prediction for the transit times, however, start to diverge rapidly after the Kepler mission terminates, as visualised in Fig. 1 . The figure shows the transit times with a linear ephemeris subtracted (observed minus calculated, thus henceforth, O-C diagram) of Kepler-82b at the top and of Kepler-82c at the bottom. For Kepler-82b the models start to differ within 3σ by the end of 2015 and for Kepler-82c by mid 2014. The three KOINet transit light curves (plotted in Fig. 2 ; in the O-C diagram the transit times are indicated in red) show a clear preference for the 3:2:1 resonance model. In addition, the latest KOINet observation where no transit is measured clearly contradicts the 6:2:1 resonance model prediction.
On this account we re-optimised the 3:2:1 resonance model parameters to the Kepler data complemented by the three KOINet transit light curves. The resulting planetary and stellar parameters from this fit can be found in Table 2 . In the appendix Table A For comparison we also optimised the transiting 2-planet system (2:1 resonance model) on the Kepler long-and shortcadence data. The results are listed as well and presented in the O-C diagram (Fig. 1) as grey areas.
Details of optimisation
We initially optimised the different planetary system models (described later in this section) on the transit times, fixing all transit shape determining parameters to narrow the parameter space for the photodynamical analysis. We used the median values and the 3σ interval of this analysis for a Gaussian random choice of starting parameter sets. The parameters describing the transit shape -the inclination, limb darkening coefficients and planet and star radii -are taken from the individual transit fits.
We fixed the stellar mass to its literature value of m S " 0.91M @ (Johnson et al. 2017) during the TTV and the photodynamical analysis. The uncertainty on the stellar mass, σ m S " 0.03M @ , is applied to the derived parameters that depend on it via error propagation. In particular this affects the planetary masses, semi-major axes, and periods. The properties of all of the photodynamical model optimisation procedures on the transit light curves are given in Table 3 . Listed are the parameters as follows. In the first row the number of walkers used for extracting the final results are given. We initialised with more walkers; however, a variable number of walkers ended in higher χ 2 minima. Next, the number of iterations we obtained per walker are given, followed by the number of iterations we used as initial burn-in. From the MCMC posterior distribution we calculated the autocorrelation length according to Goodman & Weare (2010) , but averaging over the autocorrelation function per walker instead of averaging directly over the walker values, as discussed in the blog by Daniel ForemanMackey 2 . The given autocorrelation length allows us to derive the effective number of individual samples. The last two rows contain the degree of freedom (dof) of the optimisation and the best reduced χ 2 value. We note a significant deviation from one in the reduced χ 2 values which is unexpected considering the high dof numbers. For this reason, we quadratically add a sys- " 10% to the model parameter uncertainties in Table 2 and A.2.
While optimising the 3:2:1 resonance model we realised that we could actually derive the entire orbit of the non-transiting planet. By this we mean that we could constrain the inclination -which avoids transit -and the other orbital angles: the longitude of periastron, the longitude of ascending node, and the mean anomaly. We found two different configurations with i b constrained to below 90 0 . The first has i c ă 90 0 and i f ą 90 0 (henceforth configuration I), the second is the opposite with i c ą 90 0 and i f ă 90 0 (configuration II). The configurations are visualised in Fig. 3 , where the impact parameter of the planets is plotted against the distance to the star. The values and uncertainties are derived from 1 000 randomly chosen results from modelling the Kepler and KOINet data in configuration I in red and in configuration II in blue. Both configurations have the same probability and are equivalent in all other parameters. This means that the transit time predictions and shape are the same for both configurations. The other two configurations, with either both planets having inclinations below 90 0 or both above 90 0 , are not chosen by the MCMC optimisation, although allowed and included in the starting positions of the walkers. We modelled both configurations individually with the same number of iterations and combined all resulting walkers to extract the results. Given that the KOINet transit times are located at the 3:2:1 resonance model predictions, we optimised this model on these light curves together with the Kepler data again in both of the configurations.
Following this detection we also set the inclination of the non-transiting planet in the 6:2:1 resonance model as a free parameter. In this case the inclination did not avoid the transit region, though it spans a large area where the majority of solutions is in the non-transiting region (about 88 % in a conservative calculation of the impact parameter b). Nonetheless, we inspected the Kepler data for these transits. Based on the mass ratio to Kepler-82c of 23`2
.5
1.9 we can expect transits of larger depths compared with the other system's planets. Such transits are not detected. Table 2 and A.2 we display the KOINet transit light curves in Fig. 2 in black. These are overplotted with 1 000 model solutions randomly chosen from the MCMC posterior distribution from analysing only Kepler data in red, and including these KOINet transit light curves in blue with the 3:2:1 resonance model. Similar to the O-C plot in Fig. 1 we show the TTV behaviour for the 3:2:1 resonance model optimised on all available transit light curves in comparison to the optimisation on Kepler data only in the appendix in Fig. A.1 . Including the KOINet transit observations led to a narrowing of the transit time predictions of Kepler-82c (visible in the Fig. 2 and Fig. A.1 ) and the shrinkage of the mass uncertainties of Kepler-82b (see Table A .2). The transit time predictions for the next fifteen years are listed in Table A.1. Finally, the parameter correlations are visualised in a corner plot in Fig. A.3 .
Results

Along with the optimised parameters listed in
Discussion
The most prominent signal in the TTVs of the Kepler-82b/c system is the dynamical interaction with each other due to its near 2:1 resonance configuration. Xie (2013) calculated nominal masses from the amplitudes of these TTVs and a derived stellar mass from log g and R S under the assumption of a 2-interacting-planet system. Their derived masses for Kepler- With these values they propose a density ratio of " 10 for the planets. In an initial model we tested this 2-planet system with our photodynamical analysis. We found planetary masses and Article number, page 7 of 18 A&A proofs: manuscript no. KOINet3 radii with much smaller uncertainties (see Table A .2) that agree within their errorbars with the values calculated by Xie (2013) . The density ratio of our result is even higher with ρ b {ρ c " 14.
The stellar parameters of this analysis show significant deviations from literature values that are derived by spectroscopic observations. The stellar radius with R S " 1.186`0 These stellar parameters as well as the planetary masses, and with these the densities, become more plausible in their values when including a third planet in the dynamical analysis. The signal of such a planet is clearly visible in the TTVs of Kepler-82c as a jump every three consecutive transits (see Fig. 1 ). As explained in Sect. 3, two different configurations of a three-planet system can explain this chopping effect in the Kepler data. Both of these include another outer non-transiting planet, near the 3:1 or 3:2 period resonance to Kepler-82c. Including either of these planets dramatically reduces the mass of Kepler-82b, and thus also reduces the ratio of the density Kepler-82b to c. Both system models are very similar in probability for Kepler data, the 6:2:1 resonance model has a slightly higher χ 2 red than the 3:2:1 resonance system. With KOINet data we were able to distinguish between these two models. The detected transits fall at the 3:2:1 model prediction, and one of the observations where no transit is observed precludes the 6:2:1 model predicted transit time. In the following we refer to the 3:2:1 resonance model solution on Kepler and KOINet data when not differently specified.
The density ratio of the resulting Kepler-82b/c planets reduces to a factor of " 2. Such a ratio is no longer very unusual; the values are discussed in the context of the literature below by visualising them in a mass-radius diagram. The density of the new planet can not be determined as, due to the lack of transits, the radius is not measurable. In addition, the stellar radius and the limb darkening values fit in with the literature values within 1σ-uncertainty.
At the same time the predicted RV signal reduces from an amplitude of " 50 m s´1 for the 2-planets system to about " 7.5 m s´1 for the 3-planets system near 3:2:1 resonance. With Kepler-82 being a relatively faint star (Kp" 15.158), such a signal is not measurable with current instruments.
Previously proposed planets
Bovaird et al. (2015) predicted two additional planets in the Kepler-82 system with periods of 11.8˘2.0 days and 1202 0 days based on the Titius-Bode relation. Neither the new planet proposed here near the 3:2 resonance to Kepler-82c, nor the less viable option with a planet near the 3:1 resonance, matches the position of one of the predicted planets. The predicted outer planet is in between the two possibilities within 3σ distance to each of them.
Dynamical stability
Subsequent to the photodynamical analysis we tested the dynamical stability of the modelled systems. With the same integrator, the second-order mixed-variable symplectic algorithm implemented in the mercury6 package by Chambers (1999) , we extend the numerical simulation of the best found solution for each system configuration to 10 Gyr. For this application the Table 4 . Comparison between TTV inducing frequencies calculated from periods of the system solution to measured TTV frequencies by Ofir et al. (2018) . Super, chopping, and orbital frequencies are given; from left to right the table shows the considered planets, the computed frequency, a match in the Ofir et al. (2018) (Kidder 1995) was implemented as well. The integration is done with a time step size of 1 day which is roughly a twentieth of the innermost planet considered in our analysis . This gives a good compromise between a sufficient sampling for small integration errors and a reasonable computation time. We tested the stability of the 2:1 resonance 2 planets solution, the 6:2:1 resonance system as well as the 3:2:1 resonance 3 planets model that is preferred by the KOINet data. All of these system configurations survived the 10 Gyr integration; only the 2-planet system showed chaotic parameter evolution. A closer inspection of the 6:2:1 resonance system long-term behaviour showed that given this model we are observing the transiting planets b and c at a minimum in periodically changing eccentricities. The values are ranging in roughly e b " 0.002´0.08 and e c " 0.004´0.06. The probability for the planets to be in this minimum at observation time is below 10%, making this scenario even less likely. Another indication for stability is the planets to be near resonant, but not in resonance. We checked that the modelled planets are not in resonance through calculating the resonant angles (Morbidelli 2002) , as well as the Laplace resonant angle. All angles are circulating and do not librate, which would be the sign for the planets to be in resonance.
TTV frequencies
The frequencies in the TTVs of the Kepler-82 system were analysed by Ofir et al. (2018) . In the TTVs of Kepler-82b they found, besides the main peak at 9.82`0 .39 0.45¨1 0´4 d´1, another significant frequency peak at p101.5˘2.8q¨10´4 d´1. The main frequency peak of Kepler-82c is at p8.15˘0.12q¨10´4 d´1. In addition to that they found three more peaks in the TTVs at pp17.9, 58.9, 68.9q˘3.2q¨10´4 d´1. Except for the main peak of Kepler-82b belonging to the super frequency of the near 2:1 resonance with Kepler-82c, they could not explain the detected frequencies with super frequencies of all of the mean motion resonances, orbital frequencies, chopping frequencies, or stroboscopic frequencies of the confirmed planets in the system.
In the same manner we computed the super frequencies of all mean motion resonances, orbital frequencies, and chopping frequencies of our resulting system from photodynamical analysis. The calculated frequencies are listed in Fig. 4 . Mass-age diagram of Kepler-82 from MESA stellar evolution models (MIST). The black star and the red, orange, and grey dots correspond to the best matching value and the 1σ, 2σ, and 3σ areas derived from results on the density of the whole set photodynamical modelling and from the literature values of the effective temperature, the surface gravity, and the metallicity by Petigura et al. (2017) . The gyrochronologic age is indicated in green by a solid line and its 1-σ range as dashed lines.
exception of two measured frequencies, we can explain them with interactions of the planets in the modelled system. Significantly, the super frequencies from mean motion resonances, expected to induce TTV signals, match the significant peaks found by Ofir et al. (2018) . The super frequency of Kepler-82b/c corresponds to the main peak in the TTVs of Kepler-82b. Kepler82c/f have a super frequency that explains the main peak of the TTVs in Kepler-82c. And finally, the super frequency of Kepler82b/f matches a significant peak in the TTVs of Kepler-82c. Additionally the chopping frequency of Kepler-82c/f explains another peak of Kepler-82c TTVs. Two of the Ofir et al. (2018) frequencies with smaller confidence remain unexplained, these are the p101.5˘2.8q¨10´4 d´1 frequency in planet b and the p68.9˘3.2q¨10´4 d´1 frequency in planet c.
For comparison, we computed the same frequencies from the 6:2:1 resonance results. In this case the super frequency of Kepler-82b/c matches, as expected, with the main peak of the Kepler-82b frequencies, and the orbital frequency of the third non-transiting planet matches the p58.9˘3.2q¨10´4 d´1 peak. Besides these, no other matching frequencies were found, especially the main peak in the TTVs of Kepler-82c is not explained.
Stellar parameters
Transit measurements provide the information about the stellar density (Agol & Fabrycky 2018) . In our photodynamical analysis we decided to model the stellar radius while fixing the stellar mass. With this parameterisation, the density is modelled as well. We derived the stellar radius to be R S " 0.898`0 With this photodynamical-determined density and the measured stellar parameters , from HIRES ob- Fig. 5 . Radius-age diagram of Kepler-82 from MESA stellar evolution models (MIST). The black star and the red, orange, and grey dots correspond to the best matching value and the 1σ, 2σ, and 3σ areas derived from results on the density of the whole data set photodynamical modelling and from the literature values of the effective temperature, the surface gravity, and the metallicity by Petigura et al. (2017) . The gyrochronologic age is indicated in green by a solid line and its 1-σ range as dashed lines.
servations within the California-Kepler Survey) of the effective temperature T eff " 5400.5˘60 K, the surface gravity log g " 4.372˘0.100, and metallicity Fe/H " 0.201˘0.040 we modelled the stellar radius, mass, and age with stellar evolution models. We extracted the corresponding values from MESA (Paxton et al. 2011 (Paxton et al. , 2013 (Paxton et al. , 2015 evolutionary tracks interpolated by MIST (Dotter 2016; Choi et al. 2016) , rejecting values of the very early evolution below 0.1 Gyr. The results are visualised in Fig. 4 as a mass-age diagram and in Fig. 5 as a radius-age diagram with the best-matching value and the 1σ, 2σ, and 3σ areas as a black star and red, orange and grey dots respectively. For comparison, the gyrochronological stellar age derived below is plotted in green; it fits within the 1σ errorbars. The stellar parameters are derived to be m S " 0.94`0 .03 0.04 M @ for the mass, R S " 0.934`0 .046 0.016 R @ for the radius, and a stellar age of τ evol " 6.7`3 .0 1.2 Gyr. We corrected the photodynamically-determined parameters that depend on stellar mass and radius, namely planetary masses, semi-major axes, and radii, with these newly determined values. The corrected values are listed in column six of Table A.2. The planetary masses and radii of Kepler-82b/c are compared in Fig. 6 with literature values of planets with masses up to 20 M C from The Extrasolar Planets Encyclopaedia 3 . For testing the results of the stellar evolution model analysis we applied the gyrochronologic age determination method to the Kepler-82 system. Therefore we determined its rotation period from the Kepler long-cadence photometry excluding the transits of Kepler-82b/c (Lomb 1976; Scargle 1982; Zechmeister & Kürster 2009 ). There are three small amplitude peaks in the periodogram; from these the highest-power peak corresponds to 34.7˘0.8 days. Here, the period and error are determined as the mean and standard deviation from fitting a Gaussian to the peak. We made use of Barnes (2007 Barnes ( , 2009 tion for determining the age of Kepler-82 based on its rotational period:
with a " 0.770˘0.014, b " 0.553˘0.052, c " 0.472˘0.027, and n " 0.519˘0.007. Assuming the spectral type G7 for Kepler-82 leads to B-V " 0.721 (Everett et al. 2012) . Following the Barnes (2009) error estimation, we derive the gyrochronological age of Kepler-82 to be 6.8˘1.1 Gyr. This value fits the age determined by stellar evolution models very well within the 1σ range. It is indicated with green in the mass-age and radiusage diagram (Fig. 4 and 5) with the mean as a solid line and the standard deviation in dashed lines. From the recently published second Gaia data release (Gaia Collaboration et al. 2016 ) the effective temperature and the stellar radius were calculated to be T eff " 5401˘180 K and R S " 0.854`0 .043 0.046 R @ by Berger et al. (2018) . While the effective temperature perfectly fits the HIRES value, the stellar radius is significantly smaller. It fits within the 1σ range of the value derived by the photodynamical analysis, and within the 2σ range the value derived with the stellar evolution models. The distance of Kepler-82 is determined to 905`2 1 22 pc by Berger et al. (2018) .
The discrepancy between stellar parameters derived by GAIA and by the combination of the photodynamical analysis and spectroscopic parameters could be a hint of another star that contaminates the light of Kepler-82. Inspecting a small region around Kepler-82 revealed a star about two magnitudes fainter at 10 arcsec distance. This distance is large enough so that the Kepler light curve should not be contaminated by this star. In the unlikely case of contamination, the radii of the planets would be underestimated by ten percent in maximum. That would make Kepler-82c to be an even more puffed-up exoplanet in the Neptune-like regime. The stellar radius and hence the density should not be affected by the light of a second star, as it is dependent upon the transit duration which is not changed. This agrees well with the fact that the photodynamical determined stellar radius matches the GAIA radius within its errorbars. It should be noted that the largest discrepancy is between the GAIA and the spectroscopic measurement, whereas the photodynamical one is in between. A further research of this deviance is beyond the scope of this paper.
Conclusions
In this work the first dynamical analysis of the Kepler-82 system was carried out, resulting in the discovery of a fifth planet. The signal of this planet is found in the TTVs of Kepler-82c. In addition to the sinusoidal behaviour due to the interaction with Kepler-82b being near the 2:1 resonance, the TTVs show the so called chopping signal manifesting in a jump every three consecutive transits. After optimising a 2-planet photodynamical model near the 2:1 resonance to the Kepler long-and shortcadence data, we analysed the data with two different 3-planet system models. The systems differ in the ratio of the distance of the outermost fifth planet to Kepler-82c, either a 6:2:1 or a 3:2:1 near-resonant system were possible. The first evidence that the 3:2:1 resonance system model was the correct assumption was provided by the χ 2 red , which is a little better than the one from analysing with the 6:2:1 resonance model. The 3:2:1 resonance model is also more favourable considering the mass of planet f is of the same order as planets b and c. This system model better fits into the 'peas in a pod' architecture of most systems found by Kepler (Weiss et al. 2018) . This is emphasised by the light curves collected in the framework of KOINet. The three new transit observations prefer the 3:2:1 resonance model and in addition a light curve including no transit measurement was taken during the time where a transit was predicted by the 6:2:1 resonance model. Additionally, the avoidance of inclinations that lead to transits by the third planet in near 3:2 resonance fits very well with the observations. Finally, with the periods of the planets in the 3:2:1 resonance system, except for two of them the frequencies in the TTVs of Kepler-82b/c detected by Ofir et al. (2018) can be explained by the super and the chopping frequencies. The most important point here is that Ofir et al. (2018) noticed a significant offset in the highest amplitude frequency of the TTVs of Kepler-82c from the near 2:1 mean motion resonance frequency. This peak is explained by the super frequency of the near 3:2 resonance of Kepler-82f and Kepler-82c. We conclude with announcing the detection of a fifth planet positioned in near 3:2 resonance to Kepler-82c. After the recent discovery of Kepler411e (Sun et al. 2019) , Kepler-82f is the second non-transiting planet detected via the TTVs of two other planets.
Determining the correct system architecture is important for modelling the right planet compositions. These highly depend on the assumed system architecture. The 2-planet model with significantly higher χ 2 red supposes a density ratio between planet b and c of about " 14, whereas in the 3:2:1 resonance model especially the mass of Kepler-82b drops by about an order of magnitude resulting in a much more common (and reasonable) density ratio of " 2. The grey area indicates the region of impact parameters below one. The distances are true to scale with the stellar radius. Additionally, the two inner planets are plotted in green, the data are taken from the NASA Exoplanet Archive. They are plotted on both sides because we did not include them in the photodynamical analysis and hence we do not know how they behave in the two configurations.
Article number, page 13 of 18 A&A proofs: manuscript no. KOINet3 Table A .2. Stellar and planetary parameters from the photodynamical modelling of the 2:1 resonance solution on Kepler long-and short-cadence data, the 6:2:1 resonance solution on Kepler data, the 3:2:1 resonance solution on Kepler data, the 3:2:1 resonance solution on Kepler data and the three KOINet transit light curves, and some corrections from investigating stellar evolution models in Sect. Notes. Listed are the median values and 68.26% confidence interval from the MCMC posterior distribution. The osculating orbital elements are given at a reference time, BJD = 2454933.0.
p˚q Derived, not fitted parameters.
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